Since the 1990s it has been known that B and T lymphocytes exhibit low-level, constitutive signaling in the basal state (tonic signaling). These lymphocytes display a range of affinity for self, which 
Darienne R. Myers, 1 Julie Zikherman, 2 and Jeroen P. Roose 1, *
Since the 1990s it has been known that B and T lymphocytes exhibit low-level, constitutive signaling in the basal state (tonic signaling). These lymphocytes display a range of affinity for self, which 
Tonic Signals in Lymphocytes
Engagement of the B-cell receptor (BCR; see Glossary) or T-cell receptor (TCR) by their cognate antigens triggers robust activation of signaling pathways in lymphocytes, pathways that have been well characterized over the years (reviewed in [1] [2] [3] ). However, it has also been appreciated for many years that even in the absence of robust and activating antigen triggers, low-level phosphorylation of signaling intermediates can be observed in resting lymphocytes. These low-level 'basal' or 'tonic' signals are thought to be driven by the surface expression of the BCR in B lymphocytes, and by transient interactions between the TCR on peripheral T lymphocytes and self-peptide-MHC (self-pMHC) in lymphoid organs. Tonic signals have been observed in both CD4 + [ 2 9 3 _ T D $ D I F F ] and CD8 + T cells, but are perhaps best understood in B lymphocytes, where they play an essential role in B-cell survival [4] [5] [6] [7] [8] [9] . Although the function of tonic signals in T cells has not been clearly defined, recent studies have implicated tonic signaling pathways in a number of T-cell effector functions. It has been postulated that tonic signals are generated as a result of a dynamic equilibrium between positive and negative regulators of antigen receptor signaling [10, 11] . The identity and spatiotemporal localization of signaling intermediates that mediate tonic signaling remain incompletely defined. In this review, we outline historical studies of tonic signaling pathways in lymphocytes, discuss recently developed tools that have aided studies of these pathways, and particularly focus on recent studies revealing their survival-independent functions in CD4 + T cells.
Tonic BCR Signaling Is Essential for B-Cell Survival
In B cells, tonic BCR signals are crucial for cell survival; indeed, the inducible deletion of BCR expression leads to mature B-cell loss with a measured half-life of 3-6 days [6] . Low-level, constitutive phosphoinositide 3-kinase (PI3K) signaling was shown to be sufficient to rescue the survival of mature B cells in which the BCR had been conditionally deleted (BCR neg cells) [7] ( Figure 1 ). By contrast, constitutive canonical nuclear factor-kappa B (NF-kB) signals, mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinases (ERK) kinase (MEK) activity, or Bcl2 overexpression alone was not sufficient to sustain the survival of BCR neg [ 2 9 9 _ T D $ D I F F ] B cells [6] . Together, these data imply that the PI3K signaling pathway is necessary and sufficient for tonic BCR signal-mediated survival.
Trends
T and B lymphocytes exhibit low level, constitutive signaling in the basal state (tonic signaling). Tonic signals are essential for the survival of B cells, whereas the functional role of tonic signals in T cells is still being worked out.
Surface CD5 expression levels as well as the genetic Nur77-eGFP reporter are tools that have recently been exploited as markers of affinity for selfand tonic signaling. B and T cells exhibit a range of self-reactivity in the basal state. Prior studies have not resolved whether endogenous antigen exposure plays a role in tonic signaling and B-cell survival [12] [13] [14] . Our recent work has shown that resting naïve follicular B cells exhibit a range of endogenous antigen recognition [15] . Studies of B cells expressing BCRs that lack antigen-binding domains -but presumably retain antigen-independent tonic signals -suggest that 'sub-threshold' endogenous antigen recognition in vivo may confer a survival advantage in competition with other clones [16] .
Naïve mature follicular B cells uniquely express two different BCR isotypes, IgM and IgD, which are splice isoforms generated from the same primary transcript [17, 18] [19] [20] [21] . However, these single isotype-deficient B cells express compensatorily higher levels of the remaining BCR isotype, leaving open the question of whether IgM and IgD make differential contributions to B-cell survival when expressed at physiological levels. Recently, a novel mouse mutant that lacks surface IgD expression, dmit, was identified via an N-ethyl-N-nitrosourea (ENU)-mutagenesis screen [22] . In dmit mice, an Ile81Lys substitution is thought to prevent appropriate folding of the constant domain of IgD heavy chain into a comformation needed to pair with light chains. However, it is presumed that misfolded IgD in dmit B cells can nevertheless compete with IgM for binding to Iga⁄b (CD97a⁄b) and therefore cell-surface IgM expression is unaltered relative to wild type. As a result, total surface BCR levels in dmit B cells are approximately one third of those in wild-type cells. dmit B cells are at a significant disadvantage when placed in competition with wild-type B cells, suggesting that IgD expression promotes B-cell survival. Consistent with this observation, a similar trend was originally observed in IgM +/À mice in which IgD-only B cells have a competitive advantage relative to IgM-only B cells [19] .
IgHEL BCR Tg B cells downregulate IgM but not IgD when they develop in the presence of soluble cognate HEL antigen [23] . They have a very short half-life when placed in competition with 'wild-type' B cells, due to their greater dependence on limiting amounts of the survival factor BAFF [24, 25] . Although these cells experience 'too much', rather than 'too little', BCR signaling, IgD expression has been shown to promote their survival [22] . IgM, but not IgD, is downregulated on naturally occurring autoreactive follicular B cells as well [15, [26] [27] [28] . Although not directly tested to date, IgD may be especially critical to retain such IgM lo cells in the follicular B-cell compartment to avoid 'holes' in the mature BCR repertoire.
Although surface IgD promotes B-cell survival, whether it does so merely by virtue of expression level or also because of unique signaling properties is uncertain. IgD is more densely clustered on the cell surface than IgM into separate 'islands' and is distinctly associated with coreceptors such as CD19, suggesting that these isotypes might exhibit qualitative differences in downstream signal transduction as well [29, 30] . Since CD19 couples the BCR to the PI3K survival pathway, IgD and IgM may differentially support B-cell survival independent of antigen sensing and surface expression. Recently, it has been shown that a unique, long, and flexible hinge region in IgD (that is absent in IgM) renders this isotype insensitive to monomeric antigens [31] . Although the nature of endogenous antigens is not well-understood, this might suggest that IgD is less responsive to endogenous antigens than IgM. However, subsequent work from Goodnow and colleagues [22, 32] has shown that IgHEL BCR Tg B cells expressing either IgD or IgM alone are competent to signal in vitro in response to the monovalent protein antigen HEL, and to induce a functional and gene expression program characteristic of anergy in vivo [22, 32] . Future work will be needed to define the relative sensitivity of IgD and IgM to bona fide endogenous antigens, and to elucidate qualitative differences in downstream signal transduction. There is accumulating evidence that distinct BCR isotypes generated by class-switch recombination exhibit different degrees of tonic signaling; in recent work, the IgE BCR has been shown to signal more strongly than other isotypes in a constitutive and antigen-independent manner [33, 34] . This facilitates plasma cell differentiation in vitro, and serves to divert activated IgE-expressing B cells from participating in the germinal center response. This is thought to limit the generation of IgE-secreting affinity-matured long-lived plasma cells, and to protect the host from the risk of anaphylaxis posed by secreted IgE.
Lymphocyte Development and Selection: Setting the Stage for SelfRecognition
The TCR's affinity for self is set in the thymus. Developing thymocytes rearrange their TCRa and b chains to generate a functional receptor, and some of these rearranged TCRs are reactive against self-antigen. This TCR is 'tested' for recognition of self-pMHC, a key mechanism of central tolerance. Cells with TCRs capable of recognizing self (that can productively generate a TCR-Ras signal) are positively selected, but cells bearing TCRs with very high affinity for self (autoreactive cells) are either negatively selected and die or are agonist selected to become regulatory T cells (Tregs), CD8aa intraepithelial lymphocytes, or invariant natural killer T cells [35] . 'Single positive' (SP4 and SP8) thymocytes that pass these developmental checkpoints exhibit a range of self-reactivity, and thus the T-cell pool consists of cells with different degrees of tonic TCR signaling. This leads to a heterogeneous peripheral naïve T-cell compartment composed of T cells with TCRs of varying specificities and affinities for self.
Whether positive selection similarly skews the BCR repertoire toward self-antigen recognition has been challenging to address experimentally. Certainly, BCR signaling is critical for B-cell development in the bone marrow and spleen [36] [37] [38] .
Mutation of the tyrosine kinase Syk, which is essential for BCR signal transduction, results in a complete block in B-cell maturation that is not rescued by overexpression of Bcl-2, implying that the BCR supplies critical differentiation as well as survival signals [39] . However, it has been unclear from studies of mice with BCR signaling mutations whether antigen is required or whether purely tonic BCR signals are sufficient for splenic follicular B-cell development [12, 14, 40, 41] . Certainly, antigendriven selection into the innate-like B-1a compartment is well-appreciated, while strong BCR signaling disfavors adoption of marginal zone B-cell fate [13, [42] [43] [44] . Prior work has supplied indirect evidence for antigen-dependent positive selection of follicular B cells [12, 14, 40] ; studies have shown that self-ligands can drive selection of B cells into the mature primary immune repertoire [45] and analysis of antigen receptor repertoire diversity has revealed a restricted repertoire in mature relative to immature B cells [46] [47] [48] . Regardless of whether selfreactivity is actively selected, it persists in the mature naïve follicular B-cell pool, drives downregulation of surface IgM expression, and likely influences 'tonic' BCR signaling across the mature naïve B-cell repertoire [15, 49] .
The Early Days of Tonic Signals in T Cells: What Is Their Function?
The TCRs of resting T cells make transient contacts with self-pMHC as they survey the peripheral lymphoid organs [50, 51] . These contacts do not trigger canonical TCR signaling and T-cell activation, but instead generate tonic, sub-threshold signals as defined above. Early work characterizing this tonic pathway identified low-level phosphorylation of proximal TCR signaling components such as the TCRz chain immunoreceptor tyrosine-based activation motifs [ 3 0 2 _ T D $ D I F F ] (ITAMs) in resting T cells [4] , and constitutive [ 3 0 3 _ T D $ D I F F ] Zap70 association with phospho-TCRz in the basal state [5] . When cells are deprived of these tonic signals, such as when being rested ex vivo in phosphate-buffered saline at 37 C [4, 52] or when an MHC Class II blocking antibody is administered to mice [53] , a loss of basal phospho-TCRz levels can be observed. Similarly, T cells isolated from blood do not exhibit biochemical evidence of tonic signaling [53] . These observations support a model in which pMHC-TCR contacts in peripheral lymphoid organs drive tonic signals in T cells that decay when they enter the circulation, and reappear when they return to lymphoid organs, in a cyclical pattern (Figure 2 ). In the circulation, T cells may receive different tonic signals, such as from S1P produced by lymphatic endothelial cells, which was recently shown to promote T-cell survival in the circulation by maintaining T-cell mitochondrial function [54] .
The 
Ablating the TCR: A Maintenance Role for Tonic TCR Signals
Ablation of the BCR results in very rapid loss of B cells [6] . Unlike in B cells, tonic TCR signaling does not appear to be essential for T-cell survival per se [56] . Inducible deletion of the TCR by treating 
Technical terms
Antigen-free mice: animals that are weaned from germ-free mothers so they lack microbial antigens (do not have a microbiome), and they are fed an elemental diet of glucose and amino acids so they are not exposed to any dietary antigens. suggesting that tonic TCR-Class II interactions may impact the activation state of the cells as well. The naïve T-cell marker CD62L does decrease as expected in these animals, so the low CD44 expression does not reflect a lack of memory-cell subsets appearing [57] . We return to CD44 later in this review. Treg 'lineage-specifying' characteristics such as expression of the transcription factor FoxP3, Treg-specific DNA methylation patterns, and constitutive interleukin-2 (IL-2) receptor signaling. Therefore, tonic signals appear more important for Treg survival than for maintenance of Treg 'identity' [59, 60] (Figure 1 ).
Reporters of Tonic Signaling Pave the Way
TCRs with varying affinity for self generate a range of tonic signals [8] . Two markers that readout the level of tonic signaling, or the level of TCR affinity for self, have greatly facilitated our ability to perform functional studies comparing cells with different levels of tonic signaling. These markers are the surface glycoprotein CD5 [50] , a negative regulator of TCR signaling, and the orphan nuclear hormone receptor Nur77 [15, 61] (Figure 3 ).
Surface CD5 expression is upregulated proportionally to TCR signal strength [ 3 1 2 _ T D $ D I F F ] on doublepositive thymocytes [ 3 1 3 _ T D $ D I F F ] during thymic selection[ 3 1 4 _ T D $ D I F F ]
, and single-positive thymocytes express CD5 at levels that correspond to TCR avidity. Maintenance of CD5 levels on thymocytes, as well as on both CD4
+ and CD8 + peripheral T cells, requires self-pMHC interactions [50] . Recent studies in which naïve CD4 + cells were sorted based on the level of CD5 revealed that CD5 high cells had higher levels of phospho-TCRz compared with CD5 low cells [8] , as well as higher levels of phosphorylated S6 and ERK1/2, which lie downstream in the mechanistic target of rapamycin-S6 (mTOR-S6) and RAF-MEK-ERK pathways, respectively [52] . Importantly, transfer of reporter T cells into hosts that lack MHC Class II expression leads to gradual loss of GFP expression, suggesting that continuous 'tonic' signals in T cells require encounter with MHC-self-peptide complexes in vivo [61] . Similarly, elimination of endogenous antigen recognition leads to loss of GFP expression in naïve reporter B cells [15] . expression that corresponds to a continuum of self-reactivity and 'tonic' antigen receptor signaling, and in the case of follicular B cells, downregulation of the IgM BCR [15, 61] . Perhaps unsurprisingly, CD5 levels correlate with Nur77-eGFP expression in CD4 + and CD8 + naïve T cells [9] (Figure 3) . The CD5 and Nur77-eGFP BAC transgenic tools have sparked a great deal of interest in deciphering how the level of tonic signal impacts immune function in health and disease.
Tonic Signaling and Peripheral T-Cell Fitness
Recently, several studies have begun to more clearly define the physiological role of these basal signals in several T-cell subsets, including CD4 + conventional T cells [8, 52] , CD8 + cytotoxic T cells [9] , and CD4 + regulatory T cells [59, 60] . [9] . These experiments were performed with polyclonal T cells, and as such the TCRs in the repertoire display a range of affinities for self. It will be important to determine how much of the difference in functional response is attributable to TCR specificity, and how much is due to differences in tonic signal transduction machinery. more in vivo and were more suppressive than Triple lo cells, whereas these lower affinity cells facilitated the conversion of conventional T cells into iTregs in a colitis model, although the mechanism underlying this conversion has not yet been identified [67] . Collectively, these data suggest that the degree of self-reactivity in CD4 + conventional T cells, CD8 + T cells, and CD4 + regulatory T cells impacts their functional ability to respond to infection and control immune responses.
Toward a Tonic Signaling Pathway: Insights from the Adapter Molecule Linker for Activation of T Cells
The linker for activation of T cells (LAT) is a transmembrane adapter protein involved in proximal TCR signaling. LAT is phosphorylated at multiple tyrosine residues in response to TCR crosslinking and this leads to the recruitment of downstream signaling molecules that mediate full T-cell activation. LAT-deficient mice, or mice where the four tyrosines are mutated, exhibit a severe block in thymocyte development and lack peripheral T cells [68, 69] . One of the tyrosines (Y136 in mice) serves as a docking site for PLCg1, which generates the second messengers diacylglycerol and inositol trisphosphate that activate Ras and calcium signaling, respectively. Mice harboring a Y136F mutation had an intriguing phenotype; they have a severe (yet incomplete) block in thymocyte development, but T cells populate the peripheral lymphoid organs and greatly expand over time. LAT 
Tonic LAT Signals and Gene Expression Regulation
We used the adapter molecule LAT as an entry point to uncover what cellular functions might depend on tonic signals. We previously observed that tonic TCR signals can control gene expression levels [10, 74] . We showed that a Jurkat line deficient for the adapter LAT (J.CaM2), and thus lacking LAT-dependent tonic signals, exhibited unique changes in gene expression at steady state in the absence of TCR ligation. These gene expression arrays performed with unstimulated Jurkat cells, as well as primary mouse thymocytes, revealed an LAT-dependent tonic pathway that represses transcription of the Rag-1 and Rag-2 genes. Inhibitor studies showed that PLCg1, PI3K, PKC, calcineurin, and MEK can participate in this LAT-dependent tonic pathway, leading to the basal phosphorylation of [ 3 2 8 _ T D $ D I F F ] ERK1/2 [10] . We also observed that LAT-dependent tonic signals maintain expression levels of other genes; J.CaM2 cells have reduced TCR/CD3 surface levels, due to reduced TCRa transcripts. Similarly, peripheral CD4 + T cells from the above described [73] mice in which LAT is inducibly deleted for 4 weeks (Cre-ER + LAT f/À ) have reduced levels of surface TCR and lose TCRa transcripts over time [74] . Intriguingly, treatment of J.CaM2 cells with trichostatin A, an inhibitor of Class I and II histone deacetylases (HDACs), increased the levels of TCRa and TCRb transcripts [74] . This result suggested that a tonic LAT signaling pathway maintains gene expression programs in naïve T cells by modulating the activity of HDACs, a class of epigenetic modifiers that deacetylate histone tails, leading to gene repression [75] (Figure 4) .
We recently delineated a biochemical mechanism by which tonic signals through LAT maintain gene expression [76] . Microarray analysis of CD4 + T cells with wild-type LAT or with 1 week of induced LAT deletion or Y136F mutation revealed a cluster of genes that were strongly downregulated with LAT perturbation. Interestingly, these genes included the immediate early response genes Egr1, Egr2, and Egr3, Irf4, as well as Nr4a1 (encoding Nur77), Nr4a2, and Nr4a3. Several of these genes, including Nr4a1, have been shown to be targets of the epigenetic repressor HDAC7 [77, 78] (Figure 4 ). We found that tonic signals through LAT constitutively phosphorylate HDAC7, leading to constant nuclear export of HDAC7. In the absence of LAT, HDAC7 is now dephosphorylated and localized to the nucleus, where it represses its target genes. This tonic LAT-HDAC7-gene expression pathway is important for T-cell homeostasis, as lower levels of Nr4a1 [ 3 3 0 _ T D $ D I F F ] lead to increased T-cell proliferation and reduced Irf4 expression leads to increased Th2 cytokine production, two key features of the LAT
Y136F
[ 3 2 9 _ T D $ D I F F ] mouse pathology described above [76] .
Setting the Tone Upstream of LAT
It has long been known that treatment of resting T cells with pervanadate to inhibit cellular phosphatases produces robust phosphorylation of multiple substrates [79] , suggesting that the Lck Y505 is under continuous reciprocal regulation in the basal state by the receptor-like tyrosine phosphatase CD45 and the kinase Csk. Progressive reduction of surface CD45 expression (in an allelic series of mice) results in increased Lck Y505 phosphorylation, and consequently reduced zeta-chain phosphorylation and surface CD5 expression at steady state [65] . Remarkably, concomitant reduction of Csk expression restores the balance between CD45 and Csk [ 3 3 2 _ T D $ D I F F ] and normalizes surface CD5 expression on thymocytes. Conversely, acute inhibition of Csk kinase activity is sufficient to activate Lck in T cells harboring an analogsensitive allele of Csk [81, 82] . Titration of CD45 expression similarly regulates basal phosphorylation of the C-terminal inhibitory tyrosine of the Src family kinase Lyn in B cells [83, 84] . However, the role of Csk in regulation of basal BCR signaling remains to be elucidated, and the balance between CD45 and Csk in B cells is made complex by the dual positive and negative regulatory role played by Lyn in B cells [85] . Although basal TCR signaling plays critical roles in regulating T-cell maintenance [ 3 3 3 _ T D $ D I F F ] and T-cell gene expression, it is not immediately apparent why regulation of basal signaling in T cells is wired to be so dynamic (for a more detailed, recent review focused on the dynamic balance between CD45 and Csk, please see [11] ).
Tonic Signals Downstream of LAT
The Ras guanine nucleotide releasing protein 1 (Rasgrp1) is a Ras activator that is highly expressed in thymocytes and T cells [86] . From Jurkat T-cell line studies, we had suspected that Rasgrp1 may perform a tonic signaling function; indeed, the Rasgrp1-low (10% of wildtype levels) Jurkat line JPRM441 has reduced TCRa and TCRb transcript levels at steady state [74] . We recently stumbled on a tonic mTOR-S6 signaling pathway in CD4 + T cells through the analysis of Rasgrp1 Anaef mice [52] (Figure 5 ), which carry a single nucleotide substitution leading to the missense variant R519G.
As fully Rasgrp1-deficient animals have a profound block in T-cell development and peripheral T-cell lymphopenia [87] , this model cannot be used to study the potential role of Rasgrp1 in peripheral T-cell tonic signaling. Rasgrp1 [52] . As such, T cells populate the peripheral lymphoid organs, and these animals are never lymphopenic. Characterization of Rasgrp1
Anaef mice revealed features of T-cell autoreactivity and autoimmunity that become more prominent with age [52] . T cells from Rasgrp1 Anaef mice uniformly express elevated levels of the activation marker CD44 on all CD4 + T cells, regardless of CD62L expression, whereas other activation markers CD25 and CD69 are expressed at normal levels ( Figure 5 ). Follicular helper T cells spontaneously arise in unimmunized Rasgrp1 Anaef mice, and T cells aberrantly stimulate B cells to produce antinuclear antibodies. Since CD44 had been shown to be a target of mTOR [88] , we explored the idea that elevated basal mTOR signaling may be responsible for the autoimmune features in these animals. It had been noted that mouse thymocytes and T cells stimulated through the TCR or with PMA activate the mTOR pathway, and this requires Rasgrp1 [89] . Interestingly, this study also showed that phosphorylation of known mTOR targets S6, 4E-BP1, and Akt were reduced in unstimulated Rasgrp1-deficient thymocytes compared with wild type. This work already suggests that Rasgrp1 signals to mTOR in a tonic fashion as well as in a TCR-inducible one.
Thymocytes and T cells of Rasgrp1
Anaef mice exhibit elevated levels of basal P-S6 (S235/236) and pharmacological inhibition of mTOR (with rapamycin) in vivo reduces CD44 levels on thymocytes [52] . This elevated basal mTOR signaling is responsible for the autoimmune features in these animals; genetic complementation by crossing Rasgrp1 Anaef mice to mTOR chino mice, an mTOR variant that has reduced mTOR-S6 signaling, resolves the spontaneous antinuclear antibodies and Tfh features [52] . Thus, aberrantly increased tonic Rasgrp1-mTOR signals result in autoimmune features ( Figure 5 ).
Concluding Remarks and Future Perspectives
In addition to previously defined roles for tonic signaling in lymphocyte survival, we highlight recent literature that has identified a role for tonic TCR signaling in regulating adaptive immune responses, and, perhaps most critically, in maintaining inhibitory tone on naïve T cells. Several mouse models have been published wherein single nucleotide changes in signaling genes lead to breaks in immune tolerance and development of autoimmunity: the LAT Anaef models discussed above are two examples. It is now becoming more and more clear that these mutations impact tonic signaling pathways. Throughout the text we have pointed out that there are many questions unresolved in the field of tonic signaling (see Outstanding Questions). We are very interested in dissecting how genetic variation in people may impact tonic signaling. Given that the typical human genome contains 10 000-12 000 missense gene variants [90] , understanding how subtle changes in signaling proteins impact immune cell homeostasis will be critical for our full understanding of the molecular basis of autoimmunity ( Figure 6 ). Overall, we propose that tonic signaling, and its influence on the basal state of immune cells, should be considered as we move forward with sophisticated treatments for autoimmune diseases and other diseases in which immunotherapies play a role. Figure 6 . Hypothesis That Single-Nucleotide Variants (SNVs) in Signaling Genes Impact Tonic Signals and Cause T-Cell Autoimmunity. Several mouse models have been described in which single point mutations that result in amino acid changes (SNVs) in signaling molecules can lead to autoimmune features. The LAT and Rasgrp1 models described reveal that these SNVs can alter tonic signaling in T cells. Since every person inherits 12 000 SNVs on average, it is likely that some of these SNVs impact tonic signaling in human T cells and contribute to autoimmunity. LAT, linker for activation of T cells; TCR T-cell receptor.
